INTRODUCTION
Automatic transmission fluids (ATF) should be oxidatively stable so that their frictional properties are maintained as the fluids are aged. To test the oxidative stability of ATFs, automobile manufacturers have created oxidation tests in which ATFs are aged in operating transmissions. In these tests, the total acid number (TAN) of the oil is measured throughout the test, and at the end of the test the TAN of the oil must be below specified limits. In general, oxidation of oils occurs by formation of free radicals that can react with the oils to form acidic species that are detected by the TAN of the used oils [1, 2] . Peroxides also form when an oil is oxidized and the peroxides can react with the oil to form acids [1, 2] . Base oil structure, presence of wear metals, and the amount of oxygen dissolved in the oil can all affect the oxidative stability of oils [1, 2] . Therefore, we investigated how each of these three factors affect changes in TAN as oils are aged in the GM cycling and GM oxidation tests (GMOT). Base oil structure is the major factor affecting the oxidative stability of ATFs. In particular, we have found that the cyclo-paraffin concentration in the base oils used to formulate ATFs can be related to oxidative stability. The lower the number of cycloparaffins in the base oil, the better the oxidative stability of the ATF.
EXPERIMENTAL
The TANs of fresh and aged oils were measured using ASTM D 664. The FTIR carbonyl oxidation peak areas of fresh and aged oils were measured using ASTM E 168. The Al, Cu, Fe and Pb contents of fresh and aged oils were measured using ASTM D 5185. A GC-MS technique was used to determine the composition of the base oils used to formulate ATFs [3] .
The percent of mono-, di-, tri-and tetracycloparaffins in the fluids were determined. The Wilhelmy plate method using a Kruss Processor Tensiometer K12 was used to determine the surface tension of various fresh and aged oils at 150°C [4] . Figure 1 shows the change in TAN (dTAN) for two oils tested in the GM cycling test. For Oil A, TAN increases at a slow rate throughout the cycling test. For Oil B, a dramatic increase in TAN occurs between 20,000 and 30,000 cycles. The increase in TAN observed for Oil B occurs at the same time in the cycling test as an increase in the carbonyl oxidation peak are observed by FTIR. In fact, there is a good correlation between the carbonyl oxidation peak area and dTAN measured throughout the cycling test (see Figure 2) . There is also a good correlation between the carbonyl oxidation peak area and dTAN measured throughout the GMOT (R 2 =0.912). In principle, the presence of wear metals, air entrainment and base oil structure can all potentially affect the oxidative stability of oils [1, 2] . Base oil chemistry has a strong influence on whether any or all three of these factors become important or not. Different types of base oils have different pressureviscosity coefficients which could result in different film thicknesses for fluids formulated with the different classes of base oils [5] . Differences in film thickness could result in September 12-16, 2005, Washington, D.C., USA 
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different amounts of wear and wear metals in used cycling and GMOT oils, which would affect oxidation of the oils. Figure 3 shows that the total amount of metals (Al, Cu, Fe and Pb) in the used cycling oils does not correlate to changes in TAN during the cycling test. Similarly, there is no correlation between total amount of metals and changes in TAN occurring during the GMOT (R 2 =0.147). Therefore, the fluids we examined the presence of wear metals due to differences in wear protection of oils is not a significant factor affecting changes in TAN during the course of the cycling test or GMOT. Next we examine the air entrainment factor. Different classes of oils have different solubility characteristics [2] . These solubility characteristics will affect the amount of air that can be entrained in the oil [6] . The more air entrained in the oil the greater the chance for oil oxidation [1, 2] . An oil's surface tension is the key physical property controlling the solubility of air in an oil [6] . Figure 4 shows that dTAN is not correlated to the surface tension of oils. Therefore, for the fluids we examined the amount of air entrained in the oil may not be a significant factor affecting changes in TAN observed during the course of the cycling test or GMOT, even though surface tension has previously been identified as a good indicator of oxidation [4] . Since the presence of wear metals and air entrainment do not show a significant correlation to dTAN, we explored differences in susceptibility of different base oil structures to oxidation as the possible primary factor affecting dTAN in the cycling test and GMOT. Gatto et al have related differences in base oil structure to oxidative stability of oils [2] . In particular, Gatto et al classified oils according to their ring structures. They showed that the number of cycloparaffinic ring structures in base oils is correlated to oxidative stability measured by the RBOT test. The more paraffinic ring structures in the oil the lower the oxidative stability of the oil [2] .
Detailed structural analyses of the base oils used in various fluids tested in the cycling test and GMOT were performed. Using standard statistical techniques correlations between the number of cycloparaffins in the ATFs and dTAN results from either the GM cycling or GMOT tests were created. Figure 5 shows that dTAN in the GM cycling and GMOT tests can be related to the number of cycloparaffins in the ATFs. ATFs with lower amounts of cycloparaffins will have lower dTAN at the end of the cycling test and GMOT. These results are in agreement with Gatto et al's conclusions that reducing the number of cycloparaffins improves an oil's oxidative stability [2] . 
